The general concept of entangled photon holes is based on a correlated absence of photon pairs in an otherwise constant optical background. Here we consider the specialized case when this background is confined to two well-defined time bins, which allows the formation of time-bin entangled photon holes. We show that when the typical coherent state background is replaced by a true singlephoton (Fock state) background, the basic time-bin entangled photon-hole state becomes equivalent to one of the time-bin entangled photon-pair states. We experimentally demonstrate these ideas using a parametric down-conversion photon-pair source, linear optics, and post-selection to violate a Bell inequality with time-bin entangled photon holes.
I. INTRODUCTION
Entangled photon hole (EPH) states are new form of entanglement that is based on the existence of "missing pairs" of photons in two optical modes [1] . These states have now been observed in the laboratory [2] , and their nonclassical properties have been experimentally demonstrated [3] . It has recently been shown that these states can be relatively insensitive to loss and amplification noise [4] , which may be beneficial for quantum communication applications such as quantum key distribution [5] .
All of these initial studies [1] [2] [3] [4] 6] have only considered a kind of energy-time EPH state [7] where, roughly speaking, the time-scale associated with the correlated absences (ie. the "photon-holes") is much shorter than the coherence-time of the background states in which they exist. Motivated by the many different forms of entangled photon-pair states (eg. polarization entanglement [8, 9] , momentum entanglement [10] , etc.), this naturally raises the question of what other forms of EPH states might look like. Along these lines, in this paper we introduce the idea of time-bin EPH states, in analogy with time-bin entangled photon-pair states pioneered by Gisin's group [11, 12] .
The initial EPH studies [1] [2] [3] [4] 6] have also only considered the case where the background in which the photonholes exist is formed by coherent states. This raises questions about the possibility of photon-holes in different types of background states, such as thermal states or even various nonclassical states. Here we consider timebin EPH's in a background formed by highly nonclassical single-photon states.
The combination of time-bins and single-photon background is particularly useful for illustrating the concept of EPH's by comparison and contrast with more familiar entangled photon-pair states. Indeed, as the coherent state background is replaced by single-photon state back-ground, a basic time-bin EPH state becomes fully equivalent to an antisymmetric time-bin entangled photon-pair state. This relatively simple scenario provides insight into the properties of more general EPH states, such as energy-time EPH's in coherent-state background [1, 4] , which do not have direct equivalences with entangled photon-pair states.
In section II, we overview the basic idea of timebin EPH's and transition from a general coherent-state background to a background formed formed by singlephoton states. In section III we describe a proof-ofprinciple experimental demonstration of time-bin EPH's in single-photon background using a conventional parametric down-conversion (PDC) photon-pair source [13] and techniques from the Linear Optics Quantum Computing (LOQC) toolbox [14] . Here the time-bin EPH states are sent into a "Franson interferometer" [7] and used to violate a Bell-type inequality [15] . In section IV we summarize and discuss further applications of EPH states.
II. OVERVIEW
Perhaps the easiest way to visualize EPH states is by contrasting them with well-known photon-pair states produced by PDC. The original proposal for energytime EPH's used two-photon absorption as a nonlinearity which simultaneously removes one photon from each of two coherent states [1] . In some sense, this is the direct opposite of continuous-wave (cw) pumped PDC, where a χ (2) nonlinearity is used to simultaneously create one photon in each of two vacuum states [16] . In both cases, the creation/removal of the two photons occurs at the same time, but that time is completely uncertain, which is essentially the origin of the energy-time entanglement in these states [7] .
In this way, EPH's can be thought of as the "negative image" of PDC [2] . Yet this analogy is not complete because the idea of a "single hole" (in contrast to a single PDC photon) is meaningless, and there can be many "missing pairs" in an EPH state, whereas an idealized PDC state contains just one photon-pair. Consequently, a better analogy is drawn by contrasting the relevant two-photon amplitudes involved in PDC vs. EPH states [1] .
To illustrate this analogy, Figure 1 shows two different forms of two-photon amplitudes (ie. the biphoton picture [17] ) for both energy-time PDC states and energy-time EPH states. Here the term A 1:2 represents the probability amplitude for detecting one photon in each output mode (1 and 2) at the same time, as function of an overall time T . The term A 1,2 represents the probability amplitude for detecting two photons at two different times (t 1 and t 2 ), as a function of the difference in these times.
Figure 1(a) shows the familiar scenario for an idealized cw PDC source. Here the PDC crystal can only produce the two photons at the same time, so the amplitude A 1,2 is zero everywhere except near t 1 − t 2 = 0 as shown in Figure 1 (b) (the width and shape of this peak is determined by phase-matching considerations and other details of the PDC process [16] ). Due to the cw nature of the PDC pump, this photon-pair can be produced at any time with equal probability, so the amplitude A 1:2 is a constant value for all times T as shown in Figure 1 (c).
In contrast, Figure 1 (d) shows the energy-time EPH scenario of reference [1] . Here, two narrowband weak coherent-states |α and |β pass through an idealized twophoton absorption (TPA) medium. The central frequencies of these coherent-states are non-degenerate, and chosen in such a way that the TPA medium does nothing to either beam by itself, but absorbs one photon from each state if they pass through at the same time [1] . Consequently, the amplitude A 1,2 is a constant value everywhere, but goes towards zero near t 1 − t 2 = 0 as shown in Figure 1 (e)(the width and shape of this dip is determined by the lifetimes of the relevant states and other properties of the TPA system [18] ). In the the idealized limit of infinitely strong TPA, the probability of detecting two photons at the same time is always zero, so the amplitude A 1:2 0 for all times T as shown in Figure 1 We now use this analogy to introduce the idea of timebin EPH's, which is the primary thrust of this paper. The main idea is to confine the usual cw background of Figure  1 (d) into two well-defined time-bins. As in the case of Gisin's time-bin entangled photon pairs [11, 12] , this is accomplished using short optical pulses and unbalanced Mach-Zehnder interferometers (MZ's). Figure 2 (a) first shows the standard scenario for timebin entangled photon pairs produced by pulsed PDC [11, 12] . Here a short pumping pulse is divided into two coherent amplitudes by a MZ before the PDC crystal. The source produces one pair of photons in a superposition of two time bins (labeled e and l for "early" and "late") separated by the MZ imbalance time τ o . The photons will always be found in the same time-bin, so again A 1,2 is only non-zero when t 1 − t 2 = 0 as shown in Figure 2 (b). However, the possible pair production time is now confined to the two time bins, so A 1:2 shows only two peaks separated by τ o as shown in Figure 2 (c).
Time-bin EPH states are now constructed by designing a system that produces the "negative image" of [11, 12] , with time-bin EPH states ((d)-(f)). The introduction of these time-bin EPH states is the main thrust of this paper. The optical pulses on the left side of (d) form the background in which the time-bin EPH's will exist. These pulses can be either coherent-state pulses or nonclassical single-photon pulses as described in the text.
ing the idealized TPA medium. The response time of the TPA process is assumed to be much shorter than τ o , so that pairs of photons (one in each mode) in different time bins pass through without absorption. However, the possibility of two photons (one in each mode) exiting in the same time-bin is removed by the TPA process. Consequently, A 1,2 shows two separated background peaks, but a missing central peak at t 1 − t 2 = 0 as shown in Figure 2 (e). The TPA process also causes A 1:2 = 0 in all time-bins, as shown 2(f).
Considering the relevant time-bins, by contrasting the amplitudes shown in Figures 2(b) 
It is important to emphasize that the pulses of Figure  2 (d) are thus far assumed to be coherent states, which provides time-bin EPH's in a coherent state background. This case is particularly relevant, as it is essentially the coherent state background which allows EPH states to be amplified under certain conditions [4] , and time-bin techniques are known to be generally robust in quantum systems [12] . Because the dominant sources of errors in quantum communication systems can originate from loss and polarization errors [19] , the combination of these two ideas might offer practical benefits for future systems.
On a more fundamental level, however, it is interesting to consider replacing the coherent state input pulses in Figure 2 (d) with single-photon input pules. In this case, the two-photon amplitudes in Figures 2(e) and 2(f) remain the same, but the system produces time-bin EPH's in a single-photon background. This case is particularly instructive, because a time-bin EPH state in a background formed by single-photon states becomes physically identical to one of the conventional time-bin entangled photon-pair Bell-states:
where the kets |e and |l represent, respectively, a singlephoton in the early or late time-bin. In other words, there are known to be exactly two photons in the system (one in each output mode), but the existence of the holes prevents them from being found in the same time-bin. This appears to be the limiting case where EPH states and entangled photon-pair states reduce to the same physical state. Therefore, this relatively simple scenario provides insight into the fundamental nature of EPH states in more complicated scenarios such as energy-time EPH's in a single-photon backgrounds, and more useful EPH states in coherent-state backgrounds [4] .
Additionally, this unique combination of time-bins and single-photon background allows an experimental investigation of time-bin EPH's with current technology. Indeed, a direct realization of the system sketched in Figure  2 (d) (for coherent-state or single-photon backgrounds) would require strong TPA at single-photon intensities, which is exactly the type of nonlinearity needed for photonic quantum computing [20, 21] and is beyond the reach of current technology. However, by considering single-photon backgrounds, proof-of principle EPH experiments can be done by starting with two single photons and putting them in time-bins in such a way as to realize the state of eq. (1). In our experiment, we accomplish this using two photons produced from a typical cw PDC source, as will be described in the next section.
III. EXPERIMENT
A conceptual overview of our experimental demonstration of time-bin EPH's is shown in Figure 3 . The idea is to perform a Bell-inequality test by sending time-bin EPH states through a conventional Franson interferometer [7] . For simplicity, we consider a Franson arrangement using the polarization-based unbalanced MZ interferometers of Reference [22] to eliminate the need for large path-length imbalances and fast electronics.
The EPH state of interest is generated by forming the background using two orthogonally polarized singlephotons (denoted by the red and blue circles labeled |H and |V ) separated by a time τ o , and mixing them at a 50/50 beamsplitter. Because post-selection in the output of the Franson interferometer will only register cases in which one background photon passes through each MZ, the relevant part of the two-photon state at the output of the 50/50 beamsplitter is given by eq. (1). The "earlylate" and "late-early" terms of this background photonpair state are denoted graphically by the two "linked" amplitudes in Figure 3 , while the EPH state itself is perhaps best described by the two-photon amplitudes of MZ's, and vertically polarized amplitudes along the long arms, while polarizers oriented at 45 o in the outputs erase any which-path information [22] . Consequently, the Franson interferometer of Figure 3 transforms the background photon-pair state of eq. (1) into the state:
where the kets |S and |L represent, respectively, a single-photon in the short or long arms of the unbalanced MZ's, and φ 1 and φ 2 are the relevant phase differences (an overall phase-factor has been omitted).
When the path-length imbalances of the MZ's are set to match τ o , the two terms in eq. (2) are indistinguishable, and lead to a coincidence counting rate between detectors D 1 and D 2 that goes like R c ∼ 1 + Cos(φ 1 − φ 2 ) [13] . This "SL vs. LS" scenario is slightly different than typical "SS vs. LL" Franson interferometery where the coincidence counting rate goes as R c ∼ 1 + Cos(φ 1 + φ 2 ) [7] . In both cases, the dependence on the difference or sum of spatially separated phases is the signature of nonlocal behavior. As in the more typical case, a visibility of this two-photon interference pattern greater than 71% can be used to violate a Bell inequality using time-bin EPH's [23] . Figure 4 shows our experimental setup used to implement the idea of Figure 3 . A type-I PDC source (0.7 mm thick BBO crystal) was pumped by a cw ultraviolet diode laser (∼ 40 mW at 407 nm, ∼ 0.1 nm linewidth). The source produced horizontally polarized photon pairs at 814 nm which were coupled into a 50/50 single-modefiber beamsplitter. Translatable glass wedges were used to introduce and adjust the time-bin separation τ o , and fiber polarization controllers (fpc's) on the input ports of the beamsplitter were used to prepare the states |H and |V .
The polarization-based unbalanced MZ's of Figure 3 were implemented using two Polarization-Maintaining (PM) fibers with their fast and slow axes oriented in the horizontal and vertical directions, respectively. The PM fibers were 2 meters long, which gave a MZ path length imbalance of τ o ∼ 2.6 ps for the 814 nm photons. This imbalance greatly exceeded the coherence-time of the PDC photons (∼ 200 fs), as required in Franson interferometry [7] .
The phase φ 1 was controlled by adding a birefringent slab (in this case, a second 0.7 mm thick BBO crystal) with its fast and slow axes aligned to match those of the PM fiber. Twisting this slab around the vertical axis changed its effective thickness and allowed smooth scanning of φ 1 . For completeness, we added or removed a quarter-wave plate at the output of PM fiber 2 for two different relative values of φ 2 ( π 2 or 0). From a technical point of view, this setup was very robust against phase drifts. Indeed, the two-photon state of eq. (2) is insensitive to the relative phase difference between the two original photons [13] . Consequently, the delay τ o introduced by the glass wedges (and set equal to that of the PM fibers) only needed to be adjusted to within the coherence length of the PDC photons, rather than interferometrically stabilized; this is similar to the case of typical Hong-Ou-Mandel experiments [24] . Additionally, by placing the relatively short PM fibers in a thermally insulated box, temperature dependent phasedrifts in the MZ's were greatly reduced and active locking was not needed to stabilize φ 1 and φ 2 . Figure 5 shows typical experimental results obtained with this setup. The data shows the expected sinusoidally varying coincidence counting rate as a function of φ 1 , for the two different relative values of φ 2 (0 and π 2 ). The MZ phase-difference φ 1 could be scanned through 2π by a very small twist of the birefringent slab (∼ 1 o ), so the phase was approximated as linearly changing with the twist-angle setting on a precision rotation stage. The calibration of the x-axis in the figure was verified by using the same scanning range and the known phase-shift of π 2 that exists between the two data sets (ie. with and without a known quarter-wave plate).
The two data sets in Figure 5 were best-fit to sinusoidal curves (constrained to a common period) with visibilities of (86.1 ± 0.5)% and (81.7 ± 0.5)%. The deviation from an ideal 100% visibility was most-likely due to standard mode-matching imperfections in PDC experiments, and we believe the slightly lower value for the second curve was introduced by non-ideal alignment of the additional quarter-wave plate. In any event, these high visibilities (> 71% [23] ) represent our proof-of-principle demonstration of a violation of Bell's inequalities using time-bin EPH's.
As a tangential side note, it is interesting to consider how the physical setup sketched in Figure 3 can also be viewed as a time-bin analog of the original Shih-Alley experiment for generating polarization entanglement via post-selection [8] . In the original Shih-Alley experiment, two orthogonal polarization qubits (|H and |V ) are mixed at a 50/50 beamsplitter, and measured with polarization qubit analyzers (ie. polarizers). In Figure 3 , two orthogonal time-bin qubits (|e and |l ) are mixed at a 50/50 beamsplitter, and measured with time-bin qubit analyzers (ie. unbalanced MZ interferometers [12] ). This analogy is particularly clear if one considers the setup of Figure 3 with no polarization dependence.
IV. SUMMARY AND DISCUSSION
In this paper we have extended the original work on energy-time EPH's [1] [2] [3] to introduce the idea of time-bin EPH's. We have also considered the possibility of EPH's existing in backgrounds formed by single-photon states.
The initial proposal for energy-time EPH's considered cw coherent state background beams [1] , whereas the initial experiments essentially considered a discretized version with the background spread out into infinitely long coherent pulse-trains [2, 3] . Here we considered the case when the EPH's exist in a coherent-state background that is confined to two well-defined time-bins. When this coherent state background is further reduced to a single-photon background, the time-bin EPH state becomes physically equivalent to a particular time-bin entangled photon-pair state [11] . We used a conventional PDC photon-pair source to generate this background, and were thereby able to perform a proof-of-principle experimental violation of Bell's inequality using time-bin EPH's in a Franson-type interferometer [7] .
The interpretation of any photon counting experiments related to EPH's is non-intuitive, as it is indeed the background photons which are being detected rather than any "photon-holes". In Franson interferometer experiments, the simplest explanation is that the existence of the EPH's suppresses the coincidence counting rate in a nonlocal way. Roughly speaking, the photon-holes prevent the possibility of two photons being found at the same time. This is particularly clear in the time-bin EPH states studied here, but applies to the energy-time case as well [1] .
